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Abstract 
Zinc oxide (ZnO) and aluminium (Al) doped zinc oxide nanopowders were prepared using sol-gel method. The 
structural properties were studied using X-ray diffraction technique (XRD). It is observed that doping of aluminium 
significantly reduces the crystallite size and also affects the intensity ratio of crystal planes. The powders with 
wurtzite structured hexagonal phase are also characterized using Scanning Electron Microscope (SEM) and 
Transmission Electron Microscope (TEM). From the optical transmittance studies, it is observed that there is increase 
in the band gap for Al doped ZnO samples. The Photoluminescence (PL) spectrum reveals the presence of broad 
green emission peak at 509 nm for the doped sample.  
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1. Introduction 
Nanomaterials have significant importance in various fields due to their smaller particle size and larger 
surface area. [1]. Among various semiconductor oxide nanmaterials, zinc oxide, a II  VI semiconductor 
oxide with wide direct band gap of 3.37 eV [2] and also having a large exciton binding energy of 60 meV 
[3] at room temperature, has attracted much attention in worldwide applications. Due to surface 
modification and quantum confinement effect,  ZnO  nanostructures have enhanced photon -  to - electron 
conversion efficiency and gas sensing performance [4]. 
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It is reported that ZnO when doped with group III elements such as Al, B, Ga, In showed low 
resistivity and better stability [5]. Z. Zhao et al [6] has reported the fabrication of highly transparent 
conducting ZnO:Al films using the combustion chemical vapour deposition for amorphous silicon solar 
cells. Nb- doped ZnO transparent conductive thin films deposited using rf magnetron sputtering has also 
been reported [7]. Of all the dopants, Al which is found to be cheap, abundant as well as a non-toxic 
material finds its attention because of high temperature stability, non-degradation, good stability in 
hydrogen plasma, enhanced electrical conductivity. In this aspect, ZnO nanopowders were synthesised 
using the commercially favourable sol-gel method and the effect of Al doping on the structural and 
optical properties of ZnO nanopowders were studied and reported. 
2. Experiment 
ZnO nanopowder is prepared by sol-gel method using AR grade chemicals.  0.2 M solution of zinc 
chloride is prepared and ammonium hydroxide is added in drops until the formation of gel which is due to 
the precipitation of zinc as hydroxide.  The pH value is maintained between 8 and 10 and the gel was 
thoroughly washed with water to remove NH4+ and Cl-.  It is then subjected to refluxing at 100 C for        
6 hrs, filtered and oven dried.  ZnO doped with 10% of Al is also prepared in a similar fashion by adding 
AlCl3 to the precursor ZnCl2. The yield obtained depends on the stability of the gel.  
The as synthesized ZnO and Al doped ZnO (ZnO : Al) were subjected to XRD studies using Philips 
studied using JEOL Model JSM - 6390LV Scanning electron microscopy (SEM). Transmission electron 
microscopic (TEM) analysis using JOEL JEM 2100 was also carried out for both the samples. The optical 
property of ZnO and ZnO : Al was analysed by taking Ultraviolet (UV) spectroscopy using Jasco 
Spectrometer and also by taking Photoluminescence (PL) spectra using Fluorolog 3 Horiba Jobinyvon. 
3. Results and Discussion 
3.1 XRD Studies 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 1.a : XRD pattern for ZnO  refluxed for 6 hrs at 100  C  and  1.b : XRD pattern for ZnO : Al powder 
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The XRD patterns for ZnO and ZnO : Al powders are shown in the fig 1.a & 1.b. The diffraction peaks 
are indexed and is said to have wurtzite - structured hexagonal phase as per JCPDS No - 36 - 1451. The 
latti  and 5.199  respectively which 
matches with the standard values. The average crystallite size of the particle calculated using Scherrer 
formula for ZnO is 82 nm and that of  ZnO : Al is 27 nm. 
hkl values of ZnO and ZnO : Al  powders are tabulated in table 1. In the XRD pattern of ZnO : Al, the fig 
1.b shows the merging of peaks 31.79  and 34.47  and the peak appears at 34.15  (Table 1) 
corresponding to (002) plane. It is observed that the intensity of the peak is reduced for (002), (101) and 
(102) and the FWHM is increased which indicates the weakening of the crystalline quality of the powder. 
This declination of crystalline nature may be due to the saturation of newer nucleating centers [8] as well 
as the substitution of Zn2+ ions by smaller Al3+ ions into the ZnO crystal lattice The following equation [9, 
10] describes the formation of zinc vacancy caused by the dissolution of Al3+ in the ZnO crystal lattice. 
 
Al2O3 (in the presence of ZnO)  2AlZn* + 3O6 + VZn  
 
When more number of  Al3+ enters into the lattice sites in the place of Zn2+, the lattice distortion is 
intensified which results in larger strain [8] and consequently it affects the normal growth of ZnO 
crystals. This may be the cause for the average crystallite size of Al doped ZnO to be reduced to 27 nm. 
The same kind of result is observed [8] when the concentration of Fe is increased above 1%  
Table 1. XRD parameters for ZnO and ZnO : Al 
3.2 SEM 
 
 
 
 
 
 
 
 
 
 
                 Fig 2.a: SEM micrograph of pure ZnO powder                Fig 2.b: SEM micrograph of ZnO : Al powder  
 
Fig 2.a shows SEM image of pure ZnO which reveals the nanorods of hexagonal shape having diameter around 300 nm.  
Hkl 
ZnO ZnO : Al JCPDS  36-1451 
) )  )  
(100) 
(002)  
(101) 
(102) 
31.79  
34.47  
36.28  
47.56  
2.8122 
2.5996 
2.4737 
1.9101 
- 
34.15  
38.48  
45.74  
- 
2.6233 
2.3375 
1.9819 
2.8143 
2.6033 
2.4759 
1.9111 
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The SEM image of ZnO : Al in fig 2.b shows modification in the hexagonal shaped nanorod to plate
like structure giving rise to the size of around 210 - 240 nm. The agglomeration may be the reason for 
such a large value for the grain sizes. The grains observed are denser due to the higher concentration of 
the precursor solution [11].
3.3 TEM
The TEM images in fig 3.a & 3.b of pure ZnO and ZnO : Al shows the diameter of 63 nm and 20 nm 
respectively. Though the rod diameter of ZnO : Al was found to be lower than pure ZnO, the former has a
step like morphology rather a defectless rod. These defects act as additional nucleation sites and further 
growth leads to the agglomeration of rods to plates as observed in SEM. Such high densities of defects on 
the basal planes are consistent with the broad diffraction peaks observed in the XRD pattern of ZnO : Al
as in fig1.b. The green emission observed in the PL spectra is due to the transition by defect level which is
in consistent with the high density stacking faults occurred due to the defects in the TEM image. 
Fig 3. a: TEM image of pure ZnO powder Fig 3. b: TEM image of  ZnO:Al powder
3.4 UV spectroscopy
A sharp band at ~ 375 nm in fig 4.a exihibits the characteristic band for the Wurtzite hexagonal phase
of pure ZnO [12].  This sharp band may be attributed due to room - temperature exciton absorption [13],
since the exciton binding energy (60 meV) of ZnO is greater than the room-temperature thermal energy 
(26 meV). Fig 4.b shows the UV absorption spectra for Al doped ZnO sample. It is expected that the
addition of Al will exhibit surface plasmon resonance and also will show a steep intense absorption 
covering the visible region from 300 - 700 nm [14]. But the absence of such absorption is a clear 
indication of the correct entry of Al as a dopant into the lattice of ZnO. The quantum size shift [13] may
also be the reason for the absence of exciton peak (375 nm) and the corresponding UV shift of the
absorption spectra of ZnO : Al. The optical energy gap calculated using the formula, E =
sample. Similarly, for ZnO : Al sample, the band gap value is found to be 4.25 eV which is higher than 
the band gap of pure ZnO powders. The increase in band gap may be due to the quantum confinement 
effect of ZnO : Al nanoparticles. At very small dimension, since the energy levels are quantified, more
energy is needed for the excitation [15].
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Fig 4.a : UV - vis absorption spectra for pure ZnO  powder                        Fig 4.b : UV - vis absorption spectra for ZnO : Al powder 
3.5 Photoluminescence 
Fig 5.a shows the PL spectra for pure ZnO in which there occurs a broad emission band at around 382 
nm [16] which occurs near the uv emission region. The trap state emission arising from surface defect 
sites may be responsible for the broad low energy PL spectra. The donor acceptor pair [17] has its own 
contribution to the broad peak. Fig 5.b shows the PL spectra for Al doped ZnO having the broad emission 
band at around 509 nm which corresponds to green emission [17, 18,19]. This emission originates from 
the transition by the defect level of antisite oxide. It has also been proved that the singly ionized oxygen 
vacancy is responsible for the green emission and this emission results from the recombination of a 
photogenerated hole [18, 19] with a singly ionized charge state of this defect. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                            
            
     
             Fig 5.a: PL spectra for ZnO  powder                                                              Fig 5. b: PL spectra for ZnO : Al powder 
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4. Conclusion 
 In this work, pure and Al doped ZnO powders prepared by sol  gel method were characterized 
and the incorporation of Al3+ ions into Zn2+ lattice resulting in the reduction of the crystalline nature of 
ZnO is obtained. The SEM image of ZnO shows rod like structure and that of ZnO : Al shows plate like 
structure. The characteristic band for ZnO in UV spectra is vanished due to the entry of Al3+ ions into its 
lattice. The quantum confinement effect of nano ZnO is responsible for the larger band gap when 
compared to the bulk material. The broad green emission peak at 509 nm for ZnO : Al may be due to the 
presence of singly ionized oxygen. Considering the potential applications of Al doped ZnO nanopowders 
in gas sensors and the complexity of their properties, we are planning to study the effect of various 
concentrations of Al on the structural, optical and electrical properties in the next work. 
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